Abstract
| INTRODUCTION
In eukaryotic cells, it is crucial that newly synthesized proteins be distributed to the appropriate destinations. The glycosylphosphatidylinositol (GPI) anchor is one kind of post-translational modification; many proteins located on the plasma membrane are anchored via GPI and so are called GPI-anchored proteins (GPI-APs). In the yeast Saccharomyces cerevisiae, approximately 60 proteins are modified with GPI (Caro et al., 1997) . In yeasts, a number of GPI-APs are transferred and linked to the cell wall, whereas others remain anchored to the plasma membrane (Caro et al., 1997; Hamada, Terashima, Arisawa, & Kitada, 1998; Hamada, Terashima, Arisawa, Yabuki, & Kitada, 1999; Kapteyn, Van Den Ende, & Klis, 1999) . GPI-APs in yeasts are involved primarily in cell wall integrity and assembly (De Groot, Ram, & Klis, 2005; Klis, Boorsma, & De Groot, 2006) . In the process whereby GPI-APs are transferred to the cell wall, GPI-APs lose a glucosamine residue from their glycan moiety as well as phosphatidylinositol (PI) , and the proteins are linked to the β-1,6-glucan of the cell wall through several mannose residues that are derived from the glycan moiety of GPI (Fujii, Shimoi, & Iimura, 1999; Kollár et al., 1997) .
Gas1p of S. cerevisiae is a major GPI-AP that is localized primarily on the plasma membrane, although a portion of
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Genes to Cells YOKO-O et al. Gas1p is transferred to the cell wall (Conzelmann, Riezman, Desponds, & Bron, 1988; de Sampaïo, Bourdineaud, & Lauquin, 1999; Popolo & Vai, 1999) . Gas1p functions as a β-1,3-glucanosyltransferase and is involved in the formation and maintenance of β-1,3-glucan, a major component of the cell wall (Mouyna et al., 2000) . Some of the GPI-APs are structural constituents of the cell wall and are involved in cell wall organization. Cwp2p is a major GPI-AP that acts as a constituent of the cell wall and is required for stabilization of the cell wall (van der Vaart, Caro, Chapman, Klis, & Verrips, 1995) .
In S. cerevisiae, the final destination of GPI-APs (to the plasma membrane or cell wall) is closely related to the sequence upstream of the GPI-attachment (ω) site. Klis and coworkers proposed that two basic amino acids upstream of the ω site act to retain the protein at the plasma membrane (Caro et al., 1997; Vossen, Muller, Lipke, & Klis, 1997) . It has been reported that GPI-attached proteins have two different signals that act positively or negatively in cell wall incorporation (Hamada et al., 1998 (Hamada et al., , 1999 . However, it also has been reported that all GPI-APs in yeast are targeted to the cell wall by default (de Sampaïo et al., 1999) . Subsequent research employing a systematic mutational analysis of the amino acids upstream of the ω site supported the Klis plasma membrane retention model (Frieman & Cormack, 2003) . It is supposed that there is a sorting machinery that localizes on or near the plasma membrane and transfers a specific class of GPI-APs from the plasma membrane to the cell wall; this machinery appears to function by recognizing the amino acid sequences upstream of the ω site. However, the sorting machinery still remains unidentified, although it has been reported that Dcw1p and Dfg5p, putative mannosidases, may contribute to the transfer of GPI-APs from the plasma membrane to the cell wall (Kitagaki, Wu, Shimoi, & Ito, 2002) .
The biosynthesis of GPI occurs on the endoplasmic reticulum (ER) membrane (Muñiz & Riezman, 2016; Pittet & Conzelmann, 2007) . In yeast, after the attachment of GPI to target proteins, the fatty acyl chain on the inositol residue is removed by Bst1p Tanaka, Maeda, Tashima, & Kinoshita, 2004) ; subsequently, the unsaturated fatty acyl chain on the sn-2 position of diacylglycerol is replaced with a saturated long (C26) fatty acyl chain. This process is called lipid remodeling or fatty acid remodeling of GPI (Fujita & Jigami, 2008; Fujita & Kinoshita, 2012) . Two proteins, Per1p and Gup1p, are involved in this step. Per1p is the phospholipase A 2 that removes the unsaturated fatty acid; Gup1p is the O-acyltransferase that transfers the saturated long fatty acid (Bosson, Jaquenoud, & Conzelmann, 2006; Fujita, Umemura, Yoko-o, & Jigami, 2006) , although Gup1p also has been reported to mediate other biological functions (Lucas, Ferreira, Cazzanelli, Franco-Duarte, & Tulha, 2016) . In yeast, the lipid remodeling event occurs in the ER and is essential for the efficient transport of GPI-APs from the ER to the Golgi apparatus (Fujita, Umemura, et al., 2006) . Specifically, lipid remodeling is required for the concentration of GPI-APs in the ER exit site (Castillon et al., 2011; Castillon, Watanabe, Taylor, Schwabe, & Riezman, 2009 ). However, in mammalian cells, lipid remodeling occurs in the Golgi (Maeda et al., 2007) . In both yeast and mammalian cells, lipid remodeling is essential for association of GPI-APs with lipid microdomains (Fujita, Umemura, et al., 2006; Kinoshita, Maeda, & Fujita, 2013; Maeda et al., 2007) . In yeast, the diacylglycerol of the GPI lipid is sometimes replaced by a ceramide moiety consisting of phytosphingosine with a C26 fatty acid in the ER. The Cwh43p protein is involved in the remodeling of the GPI lipid to ceramide (Ghugtyal, Vionnet, Roubaty, & Conzelmann, 2007; Umemura, Fujita, Yoko-o, Fukamizu, & Jigami, 2007) .
During the maturation of GPI-APs, two ethanolamine phosphate (EtN-P) residues, which are not linked to the Cterminus of the protein, often are removed from the glycan moiety (Kinoshita et al., 2013) . This process, which is called glycan remodeling, was first reported in mammalian cells. The mammalian protein PGAP5 is involved in the removal of the EtN-P from the second mannose residue (Fujita et al., 2009) . Glycan remodeling mediated by PGAP5 is required for the efficient exit of GPI-APs from the ER. Glycan remodeling also has been reported in yeast, where EtN-P attached to the first and second mannose residues is removed in the ER by Cdc1p and Ted1p, respectively (Manzano-Lopez et al., 2015; Vazquez, Vionnet, Roubaty, & Conzelmann, 2014) . The removal of EtN-P by Cdc1p is reported to facilitate the integration of GPI-APs into the cell wall (Vazquez et al., 2014) . However, the removal of EtN-P by Ted1p is reported to be crucial for the binding of GPI-APs to the transmembrane cargo receptor p24 complex and subsequent COPII vesicle budding (Manzano-Lopez et al., 2015) .
We previously have shown that the lipid species of Gas1p exclusively contains ceramide moieties in its GPI anchor (Yoko-o et al., 2013) . In cwh43 deletion mutant cells, the GPI lipid species of Gas1p remains diacylglycerol, indicating that Cwh43p is responsible for the lipid remodeling of Gas1p from diacylglycerol to ceramide (Yoko-o et al., 2013) . However, the physiological role of lipid remodeling to ceramide remains to be elucidated. Ceramide species have not been found in the lipid moieties of mammalian GPI-APs. Although yeast per1 and gup1 deletion mutant cells show severe phenotypes such as temperature sensitivity, yeast cwh43 deletion mutant cells show much milder phenotypes (Umemura et al., 2007; Yoko-o et al., 2013) . Similarly, although PER1 and GUP1 are required for the association of GPIAPs with microdomains, CWH43 is not (Umemura et al., 2007) . Based on these observations, one might infer that CWH43 is less important than PER1 or GUP1. Nevertheless, yeast actually does change their GPI lipid species from diacylglycerol to ceramide, at some energetic cost. In addition, full-length CWH43 homologues are found only in fungal genomes, although mammalian cells possess two separate genes that encode proteins homologous to the N-and C-terminal domains of Cwh43p (Umemura et al.,
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Genes to Cells ). Thus, we suspected that the lipid remodeling to ceramides by Cwh43p must have a significant physiological role for yeast. In the present report, we address the possibility that CWH43 contributes to determining the final destination (plasma membrane or cell wall) of GPI-APs through effects on the species of GPI lipid moiety.
| RESULTS

| GPI anchor of Cwp2p from wild-type cells possesses phosphatidylinositol moieties
We have previously shown that the GPI lipid moieties of Gas1p in wild-type cells are not PI but inositolphosphorylceramide (IPC) (Yoko-o et al., 2013) . We analyzed the structure of GPI lipid moieties from another GPI-AP, Cwp2p, which is localized primarily on the cell wall. A version of CWP2 encoding a FLAG-tagged protein was expressed from the native promoter on a low-copy-number centromeric plasmid, and the resulting Cwp2p was purified using anti-FLAG antibody. The lipid moiety of the protein's GPI anchor was analyzed by mass spectrometry. In this case, the lipid moieties of the Cwp2p that remained on the plasma membrane were analyzed; once Cwp2p is transferred to the cell wall, the protein lacks a lipid moiety. This mass spectrometric analysis revealed that the GPI lipid moieties of Cwp2p in wild-type cells are exclusively PI (Figure 1 ). As wildtype cells have functional Cwh43p, this result implies that Cwh43p, which is involved in the lipid remodeling from PI to IPC, does not act on the lipid moieties of Cwp2p. In other words, we inferred that Cwh43p recognizes individual species of GPI-APs in the ER (whether directly or indirectly) and selectively changes only the lipid moieties of GPI-APs that belong to a specific class. Gas1p and Cwp2p are localized primarily on the plasma membrane and cell wall, respectively. Thus, we postulated that Cwh43p acts solely on the GPI-APs that are intended to remain on the plasma membrane, and that the IPC species transferred by Cwh43p might have some inhibitory effects on the transfer of GPIAPs to the cell wall.
| Localization of Gas1p in cwh43 mutant cells
We previously showed that the GPI lipid moiety of Gas1p in cwh43 deletion mutant (cwh43∆) cells is exclusively PI (Yoko-o et al., 2013) . If the physiological role of lipid remodeling to IPC is to retain GPI-APs on the plasma membrane, GPI-APs would tend to be transferred to the cell wall in cwh43∆ mutant cells, in which GPI lipid moieties are not changed to IPC. To address this possibility, we prepared membrane and cell wall fractions from wild-type and cwh43∆ cells and measured the amounts of Gas1p in both fractions by immunoblotting ( Figure 2 ). The primary translation product of Gas1p (65 kDa) is modified with N-linked ER-type oligosaccharides, O-linked mannose residues, and a GPI anchor in the ER, yielding an immature polypeptide of 105 kDa (ER form). Further elaboration of the oligosaccharide chains takes place in the Golgi, resulting in a mature 125-kDa form (Golgi form; Popolo & Vai, 1999) . In wild-type cells, most of the FLAG-tagged Gas1p was localized in the membrane fraction, and a small proportion of Gas1p was transferred to the cell wall ( Figure 2a ). In cwh43∆ cells, the proportion of the FLAG-tagged Gas1p in the cell wall fraction was increased compared to that in wild-type cells ( Figure 2a ). When native Gas1p and anti-Gas1p antibody were used for the assay, the result was similar to that obtained with FLAG-Gas1p and anti-FLAG antibody ( Figure 2b ). These results are consistent with the notion that IPC-type lipid moieties in GPI-APs have an inhibitory effect on the transfer of GPI-APs to the cell wall. We also measured the amount of FLAG-tagged Cwp2p in the membrane and cell wall fractions ( Figure 3 ). As with Gas1p, Cwp2p appears to be altered in the ER by modification of the O-linked mannose residues and addition of a GPI anchor (yielding the ER form); the protein then is further modified in the Golgi by elongation of the Olinked mannosyl chain (yielding the Golgi form), before being transported to the cell surface and then transferred to the cell wall. Cwp2p in the cell wall fraction migrated more slowly than the estimated size, as reported previously (van der Vaart et al., 1995) . In cwh43∆ cells, the amount of Cwp2p in the cell wall fraction was not obviously increased compared to that in wild-type cells. This result is consistent with the fact that Cwh43p does not act on the GPI lipid moiety of Cwp2p (Figure 1 ).
F I G U R E 2
The amount of Gas1p in the membrane and cell wall fractions was estimated by immunoblotting. (a) Wild-type (W303-1A, WT), cwh43∆ (YMY3-A), ted1∆ (ted1), and cwh43∆ ted1∆ (cwh43ted1#2) cells transformed with pMF924 (3× FLAG-GAS1, CEN, LEU2) were grown to exponential phase, and equal numbers of cells were harvested for analysis. After preparation of the membrane and cell wall fractions, proteins were separated with SDS-PAGE and detected by immunoblotting using an anti-FLAG antibody (α-FLAG). ER form, the ER (105-kDa) form of Gas1p; Golgi form, the Golgi (125-kDa) form of Gas1p. The samples also were subjected to SDS-PAGE and visualized by Coomassie Brilliant Blue (CBB) staining as a loading control. (b) The same experiment as Panel a was carried out using wild-type (W303-1A), cwh43∆(YMY3-A), ted1∆ (ted1), and cwh43∆ ted1∆ (cwh43ted1#2) cells (without plasmid), and anti-Gas1p antibody (α-Gas1p) to detect native Gas1p
Membrane Cell wall Golgi form
| Relationship between lipid remodeling and ω site sequence of GPIanchored proteins
It has been reported that the sequence upstream of the ω site of GPI-APs can determine distribution between the membrane and the cell wall (Frieman & Cormack, 2003; Hamada et al., 1998 Hamada et al., , 1999 . However, the corresponding sorting machinery, which presumably recognizes the amino acid sequences upstream of the ω site of GPI-APs and transfers a specific class of GPI-APs to the cell wall, still remains unidentified. The GPI lipid moieties of Gas1p and Cwp2p are IPC and PI, respectively (Yoko-o et al., 2013) (Figure 1 ), indicating that Cwh43p acts on Gas1p but does not act on Cwp2p. At first, we speculated that Cwh43p (and not sorting machinery on/near the plasma membrane) might (directly or indirectly) recognize the sequence upstream of the ω site of GPI-APs and change these proteins' lipid moieties to IPC, only if the GPI-APs have the plasma membrane retention signal in the sequences upstream of the ω site. According to this hypothesis, the GPI lipid species (PI or IPC) receives the information about the final destination (cell wall or plasma membrane) from the amino acid sequences upstream of the ω site of each GPI-AP, and transmits this information to the sorting machinery on/near the plasma membrane ( Figure 4a , Model 1). In other words, GPI lipid species act as mediators that transmit information about the final destination to the sorting machinery. In this model, the sorting machinery would recognize solely the lipid species of GPI-APs: GPIAPs that have PI-type lipid species would be transferred to the cell wall, although GPI-APs that have IPC-type lipid species would be retained on the plasma membrane.
To address this possibility, we constructed chimeric GAS1 and CWP2 genes and investigated the localization of the resulting Gas1/Cwp2 chimeric proteins. The amino acid sequences upstream of the ω sites of Gas1p and Cwp2p are SSSSKKN and ISQQTEN, respectively (ω site is underlined). We designed two chimeric proteins in which the sequences upstream of the ω site of Gas1p were changed to those of Cwp2p. One was Gas1-TE, in which two upstream amino acid residues (KK) were replaced with TE (yielding SSSSTEN); the other was Gas1-ISQQTE, in which six upstream amino acids residues (SSSSKK) were changed to ISQQTE (yielding ISQQTEN). In wild-type cells, the amounts of these chimeric Gas1p proteins in the cell wall fraction were increased compared to those of authentic Gas1p (Figure 4b , WT), consistent with a previous report (Frieman & Cormack, 2003) . If the sequences upstream of the ω site work solely by directing Cwh43p remodeling (Figure 4a, Model 1) , then the impact of altering those sequences in the chimeric Gas1p should be decreased in the cwh43∆ mutant cells. However, this prediction was not borne out; even in cwh43∆ mutant cells, Gas1/Cwp2 chimeric proteins still were substantially transferred to the cell wall, suggesting that the effect of the cwh43∆ mutation is (at least in part) independent of the sequences upstream of the ω site ( Figure 4a , Model 2; see also Discussion).
| ted1 mutation affects localization of GPI-anchored proteins
Our data indicated that the structure of GPI lipid moieties (IPC or PI) contributes to the determination of the final destination (plasma membrane or cell wall) of GPI-APs ( Figure  2a,b) . We further supposed that structure of the GPI glycan moieties might also affect the final destination of GPI-APs. As described in the Introduction, it has been reported that the EtN-P attached to the first and second mannose residues are removed in the ER by Cdc1p and Ted1p, respectively (Manzano-Lopez et al., 2015; Vazquez et al., 2014) . In fact, the removal of EtN-P by Cdc1p is involved in the integration of GPI-APs into the cell wall (Vazquez et al., 2014) .
It has been reported that GPI7 is involved in the transfer of the EtN-P on the second mannose and that lipid remodeling to ceramide is aberrant in gpi7 mutant cells (Benachour et al., 1999; Flury, Benachour, & Conzelmann, 2000) , suggesting a relationship between the presence of EtN-P on the second mannose residue and the lipid species in the GPI anchor. Furthermore, it also has been reported that EtN-P on the first mannose residue, which is transferred by Mcd4p, is required F I G U R E 3 The amount of 3× FLAG-tagged Cwp2p in the membrane and cell wall fractions was estimated by immunoblotting. Wild-type (W303-1A, WT), cwh43∆ (YMY3-A), ted1∆ (ted1), and cwh43∆ ted1∆ (cwh43ted1#2) cells transformed with pRS316-3FLAG-CWP2 (3× FLAG-CWP2, CEN, URA3) were used with anti-FLAG antibody (α-FLAG) for immunoblotting as described in Fig. 2 . Wild-type cells without plasmid also were used as a negative control (NC). As Cwp2p in the cell wall fraction (cell wall form) is poorly detectable by anti-FLAG antibody, an immunoblot obtained by prolonged exposure time (30 min) also is shown, as well as standard exposure time (30 s) Genes to Cells YOKO-O et al. for GPI lipid remodeling to IPC (Zhu, Vionnet, & Conzelmann, 2006) . We further considered the timing and situations in which Cwh43p and Ted1p act: Both lipid remodeling by Cwh43p and glycan remodeling by Ted1p occur after attachment of GPI to proteins and before exit of GPI-APs from the ER. Based on this information, we postulated that CWH43 might be functionally related to TED1. We therefore constructed a cwh43∆ ted1∆ double-deletion mutant and a ted1∆ single-deletion mutant. Although cwh43∆ and ted1∆ single-mutant cells exhibited normal growth on YPD at 30°C, cwh43∆ ted1∆ double-mutant cells exhibited slow growth (Figure 5 ), indicating a genetic interaction between CWH43 and TED1. The doubling time of cwh43∆ ted1∆ double-mutant cells was comparable to that of per1∆ mutant cells (Figure 5 ), which are defective for GPI-PLA 2 -mediated lipid remodeling. Next, we investigated the composition of lipid species in total GPI-APs prepared from wild-type, cwh43∆, ted1∆, and cwh43∆ ted1∆ cells, as well as from per1∆ cells (Figure 6a) . In cwh43∆ cells, most of the GPI lipid species consisted of pG1 (PI with a saturated C26 fatty acid at the sn-2 position), consistent with previous results (Ghugtyal et al., 2007; Umemura et al., 2007) . In ted1∆ cells, the composition of the GPI lipid species was similar to that in wild-type cells, suggesting that TED1 is not involved in the lipid remodeling reaction. A similar result also was reported previously (Manzano-Lopez et al., 2015) . Notably, the total signal from ted1∆ cells was stronger than that from wild-type cells. In contrast, the GPI lipid species levels in cwh43∆ ted1∆ cells were comparable to those in cwh43∆ cells. We also measured the amounts of isotopelabeled lipids in total GPI-APs (Figure 6b ) and found that ted1∆ cells accumulated GPI-APs to levels approximately twofold higher than wild-type cells. This last observation is consistent with the function of Ted1p, which is known to be involved in COPII vesicle formation and the ER exit of GPIAPs (Haass et al., 2007; Manzano-Lopez et al., 2015) ; thus, GPI-APs are expected to accumulate in the ER due to the deletion of TED1. Notably, the accumulation of GPI-APs was no longer observed in cwh43∆ ted1∆ double-mutant cells, showing again that the effects caused by ted1∆ mutation were counteracted by the additional cwh43∆ mutation.
The simplest explanation of this observation would be that GPI-APs harboring PI, which accumulate in the cwh43∆ mutant background, bypass or escape the defect in ER exit caused by the ted1∆ mutation. To address this possibility in more detail, we investigated the distribution of two individual F I G U R E 4 (a) Two possible models for the mechanism that determines the final destination of GPI-APs. In Model 1, the information about the final destination, encoded in amino acid sequences upstream of the ω site, is recognized by Cwh43p and mediated as GPI lipid species. On the plasma membrane, GPI-APs are sorted exclusively by GPI lipid species: if IPC, GPI-APs are retained on the plasma membrane; if PI, GPI-APs are transferred to the cell wall. In Model 2, amino acid sequences upstream of the ω site and GPI lipid species are independent and redundant pathways for the determination of the final destinations of the GPI-APs. The ω sites are underlined in the amino acid sequences. (b) The amount of Gas1p that has Cwp2p-type amino acid sequences in the region upstream of the ω site was estimated by immunoblotting. The membrane and cell wall fractions were prepared from wild-type (W303-1A, WT) and cwh43∆ (YMY3-A) cells transformed with pMF924 (Gas1p), pRS315-3FLAG-GAS1TE (TE), and pRS315-3FLAG-GAS1ISQQTE (ISQQTE), and used for immunoblotting with anti-FLAG antibody (IB) GPI-APs, Gas1p and Cwp2p, in ted1∆ and cwh43∆ ted1∆ cells. The distribution of Gas1p in ted1∆ and cwh43∆ ted1∆ was comparable to that in cwh43∆ cells, in which a portion of Gas1p accumulated in the ER (Figure 2a,b) . This result indicated that additional mutation of cwh43∆ does not permit Gas1p with PI-form lipid species to bypass the defect in ER exit in the ted1∆ mutant background. In the case of Cwp2p, the result was different from that for Gas1p; both ER-form and Golgi-form Cwp2p accumulated in the membrane fraction of ted1∆ cells (Figure 3 ). The accumulation of the ERform Cwp2p in the ted1∆ mutant background was expected, because the deletion of TED1 is known to block the ER exit of Cwp2p (Manzano-Lopez et al., 2015) . Notably, a large amount of Golgi-form Cwp2p also accumulated in ted1∆ cells, and the accumulation of Golgi-form Cwp2p was attenuated in cwh43∆ ted1∆ double-mutant cells (Figure 3 ). In contrast, the accumulation of ER-form Cwp2p was not altered in cwh43∆ ted1∆ double-mutant cells, indicating again that Cwp2p with PI-form lipid species does not overcome the defect in the ER exit in cwh43∆ ted1∆ mutant cells. We postulated that the accumulation of the Golgi-form Cwp2p actually occurs on the plasma membrane and that Cwp2p is not efficiently transferred from the plasma membrane to the cell wall in ted1∆ cells. It is curious that the accumulation of the Golgi-form Cwp2p in ted1∆ cells was counteracted by addition of the cwh43∆ mutation, because the GPI lipid moiety of Cwp2p is PI, a lipid that does not require Cwh43p activity. We propose an explanation for this apparent discrepancy in the Discussion.
| DISCUSSION
It has been reported that the amino acid sequence, especially sequence upstream of the ω site, determines the final destination of GPI-APs (Caro et al., 1997; de Sampaïo et al., 1999; Frieman & Cormack, 2003; Hamada et al., 1998 Hamada et al., , 1999 Vossen et al., 1997) . In the present report, we have provided the first (to our knowledge) demonstration that the lipid species of GPI contributes to the determination of the final destination of GPI-APs. In this context, we elucidated a possible physiological role of GPI lipid remodeling to ceramides: the retention of the GPI-APs on the plasma membrane. It is highly likely that Cwh43p recognizes the species of GPI-APs, because Cwh43p remodels the GPI lipid species of Gas1p but not that of Cwp2p. At first, we postulated that Cwh43p recognizes the dibasic motif in the sequence upstream of the ω site, whether directly or indirectly, and that the retention of GPI-APs in the plasma membrane depends entirely on the presence of IPC in the GPI lipid moiety. That is, GPI-APs with PI in their lipid moiety are transferred to the cell wall, whereas those with IPC are retained on the plasma membrane ( Figure 4a , Model 1). If this hypothesis was true, GPI-APs in a cwh43∆ mutant should no longer change their localization even if the sequence upstream of the ω site was altered, because there would be no player that recognizes the sequence upstream of the ω site and changes the lipid moiety. However, this hypothesis was not supported experimentally: Gas1p/Cwp2p chimeric proteins exhibited changes in localization even in cwh43∆ mutant cells, indicating that the GPI lipid species is not the definitive factor that determines the distribution of GPI-APs. As the distribution of GPI-APs is a significant issue for cell growth, this process may be determined by two (or more) redundant pathways: One would be dependent on the sequence upstream of the ω site, and the other would be dependent on the lipid species of GPI ( Figure  4a , Model 2). It has been reported that amino acid stretches rich in serine and threonine residues promote localization to the cell wall even in proteins whose ω-proximal signal contains a dibasic motif, indicating the existence of multiple sequence signals that determine the distribution of GPI-APs (Frieman & Cormack, 2004) . This observation is consistent with the existence of several redundant pathways for determination of the distribution of GPI-APs. Mass spectrometric analysis of the GPI lipid moieties of the Gas1/Cwp2 chimeric proteins would help to clarify the correlation between lipid remodeling and cell wall/plasma membrane distribution of GPI-APs.
It is currently unknown how Cwh43p in the ER recognizes different classes of GPI-APs. Nevertheless, it is surprising that the mechanism that determines the final destination (plasma membrane or cell wall) of GPI-APs functions as early in the distribution process as the ER. In cwh43∆ mutant cells, Gas1p possesses a PI-type lipid species in its GPI (Yoko-o et al., 2013) . Compared to GPI-APs with IPC-type lipid species, those with PI-type lipid species may be more efficiently recognized by the sorting machinery that transfers GPI-APs from the plasma membrane to the cell wall, because more Gas1p is transferred to the cell wall in cwh43∆ mutant cells (Figure 2 ). As noted in the previous paragraph, the GPI lipid species does not appear to exclusively determine the distribution of GPI-APs, given that a large amount of Gas1p still was retained in the membrane fraction even in cwh43∆ mutant cells. Moreover, the effect of the cwh43∆ mutation on the distribution of Gas1p was not as strong as the effect of alteration of the amino acid sequences upstream of the ω site. Perhaps the GPI lipid species functions as a backup pathway for determination of the distribution of GPI-APs.
cwh43∆ ted1∆ double-mutant cells grow more slowly than cwh43∆ or ted1∆ single-mutant cells, indicating that CWH43 is genetically related to TED1. The doubling time of cwh43∆ ted1∆ double-mutant cells was comparable to that of per1∆ mutant cells. As GPI-APs are released into the medium by per1∆ cells, we initially supposed that the slow-growth phenotype of cwh43∆ ted1∆ double-mutant cells also was caused by the release of GPI-APs and resulting fragility of the cell wall. However, neither Gas1p nor Cwp2p were released into the medium by cwh43∆ ted1∆ double-mutant cells, and supplementation of the medium with 0.3 M KCl (as an osmotic stabilizer) did not rescue the observed growth defect (data not shown). Thus, the cause of the slow-growth phenotype of cwh43∆ ted1∆ doublemutant cells currently remains unknown. It is still possible that other GPI-APs that are essential for cell growth are mislocalized in cwh43∆ ted1∆ double-mutant cells. Candidates for such GPI-APs include Dfg5p and Dcw1p, putative mannosidases involved in transferring GPI-APs to the cell wall, because Dfg5p and Dcw1p are themselves GPI-APs and the dfg5∆ dcw1∆ double-mutant combination is lethal (Kitagaki et al., 2002) . Further work investigating the localization of Dfg5p and Dcw1p may explain WT cwh43∆ ted1∆ cwh43∆ ted1∆ ** * * the slow-growth phenotype of cwh43∆ ted1∆ double-mutant cells. Other possibilities, such as alteration of the composition of GPI lipid species in microdomains due to the cwh43∆ mutation, also may apply. In ted1∆ cells, a large amount of Golgi-form Cwp2p was observed to accumulate. Golgi-form Cwp2p is likely to accumulate on the plasma membrane, given that observation of GFP-tagged Cwp2p under the fluorescence microscope detected fluorescence on the cell surface but not on the Golgi (data not shown). Golgi-form Cwp2p accumulated to lower levels in cwh43∆ ted1∆ cells than in ted1∆ cells. Considering that Cwh43p cannot act on the GPI lipid moiety of Cwp2p, it is surprising that the distribution pattern of Cwp2p in the cwh43∆ ted1∆ double mutant is different from that in the ted1∆ single mutant. One possibility is that the GPI lipid moiety of Cwp2p in the ted1∆ mutant is abnormally remodeled to IPC by Cwh43p, due to prolonged ER retention caused by the deletion of TED1 (Supporting information Figure S1 , Model 1). If the GPI lipid moiety of Cwp2p was changed to IPC, this protein would be retained on the plasma membrane, as observed with Gas1p. In cwh43∆ ted1∆ double-mutant cells, the accumulation of Cwp2p on the plasma membrane would be decreased, because the GPI lipid moiety of Cwp2p would no longer be changed to IPC, due to the loss of Cwh43p. In fact, the amount of IPC in total GPI-APs is not increased even in ted1∆ mutant cells (Figure  6a ), which seems inconsistent with the "abnormally remodeled to IPC" hypothesis. However, it would be premature to rule out this hypothesis, because it is still unknown what GPI lipid moieties are attached to each protein in ted1∆ mutant cells. Mass spectrometric analysis of the GPI lipid moieties of FLAG-tagged Cwp2p in ted1∆ mutant cells is expected to provide hints about the validity of the hypotheses, and so should be the subject of future research.
We also propose an alternative possible model (Supporting information Figure S1 , Model 2). Specifically, we postulate a machinery that is located on or near the plasma membrane and whose function depends on CWH43. This hypothetical machinery, which we refer to as 43DM (CWH43-dependent machinery), would be involved in the quality control of GPI-APs, acting as a sensor or checker for the correct maturation of GPI-APs that are to be transferred to the cell wall. The 43DM would assess the removal of the 2nd EtN-P from the GPI glycan moieties of GPIAPs; if the EtN-P was not removed, 43DM would judge that such GPI-APs are immature and had been "illegally" transported to the plasma membrane, and 43DM would inhibit (directly or indirectly) the transfer of such GPI-APs to the cell wall. Hence, GPI-APs would accumulate on the plasma membrane, as well as on the ER membrane, in ted1∆ cells. In cwh43∆ ted1∆ cells, this inhibition would no longer occur, due to loss of 43DM. This model does not address whether the hypothetical 43DM itself is involved in the transfer of GPI-APs from the plasma membrane to the cell wall; 43DM instead could function solely as a sensor/checker for the removal of EtN-P. In either case, Dfg5p and Dcw1p are candidates for components of the hypothetical 43DM, given that these proteins are themselves GPI-anchored and localized on the plasma membrane. We plan to test the validity of these models in our future research projects.
GPI7 is involved in the incorporation of EtN-P on the 2nd mannose residue of the GPI glycan (Flury et al., 2000) . The results of the present report are reminiscent of our previous report that the localization of Egt2p, a cell wall GPI-AP, is aberrant in gpi7 mutant cells (Fujita, Yoko-o, Okamoto, & Jigami, 2004) . It also has been reported that lipid remodeling to IPC is defective in gpi7 mutant cells (Benachour et al., 1999; Fujita, Umemura, et al., 2006) and that GPI7 affects cell wall protein anchorage, including that of GPIAPs (Richard et al., 2002) . Those results again suggest the existence of a relationship among EtN-P, lipid remodeling, and the final destination of GPI-APs. However, the nature of this relationship remains unclear, considering that GPI7 and TED1 have opposing functions: addition and removal of EtN-P, respectively. In this context, we note that the addition and removal of EtN-P to the 2nd mannose residue, at the appropriate subcellular location and timing, is critical for the correct distribution of GPI-APs.
An important issue is the order in which the relevant events proceed, namely does lipid remodeling to IPC (by Cwh43p) precede or follow removal of EtN-P by Ted1p? It is likely that lipid remodeling to IPC by Cwh43p precedes the removal of EtN-P by Ted1p, given that some of the phenotypes exhibited by the ted1 mutant are counteracted by the additional deletion of CWH43 (Figure 6 ). However, not all ted1 phenotypes are overcome by the cwh43 mutation; for example, accumulation of Cwp2p in ted1∆ cells is not counteracted in cwh43∆ ted1∆ cells (Figure 3 ). To address this issue thoroughly, future work will need to focus on the development of an assay system that can detect and determine the structure of both the glycan and lipid moieties of specific GPI-APs.
| EXPERIMENTAL PROCEDURES
| Yeast strains, media, and basic genetic methods
The S. cerevisiae strains used in this study are listed in Table 1 . The media used for culture of the yeast cells and the genetic methods were described previously (Sherman, 2002) . A one-step PCR-mediated method was used for the gene disruption of TED1 using plasmids pFA6a-kanMX6 and pFA6a-His3MX6 as PCR templates (Longtine et al., Genes to Cells YOKO-O et al. 1998 ) and the primer pair TED1-del-F (5′ -GATTGAAG AACTGAAAACAACAGCAGCAGCATTGTACCAAG AATCCCAAGCGGATCCCCGGGTTAATTAA-3′ ) and TED1-del-R (5′ -TTTAATATAAATCTCTATACAGGA GTTTTATCTTCTTTACTCTTTTTTGTGAATTCGAGC TCGTTTAAAC-3′ ).
| Construction of plasmids
The construction of plasmid pMF924 (3× FLAG-GAS1, CEN, LEU2) was reported previously (Fujita, Umemura, et al., 2006) . A plasmid encoding a FLAG-tagged Cwp2p was constructed as follows: The HindIII site of pMF500, which encodes a GFPtagged Cwp2p (Fujita, Umemura, et al., 2006) , was changed to a SacI site, yielding pMF500New. The DNA fragment encoding GFP was removed, and the DNA fragment encoding 3× FLAG, which was amplified by PCR, was inserted using NspV and XbaI, yielding pRS316-3FLAG-CWP2 (3× FLAG-CWP2, CEN, URA3). Plasmids pRS315-3FLAG-GAS1TE and pRS315-3FLAG-GAS1ISQQTE, from which the chimeric Gas1/Cwp2 proteins were produced, were constructed as follows. To obtain the DNA that encodes the GAS1TE mutant gene, two DNA fragments were amplified from plasmid pMF924 by PCR using two pairs of primers, as follows: The first pair, consisting of Gas1-seq-F001 (5′ -CAACTCCAAACGGAGGCTTG-3′ ) and GAS1-TE-R007 (5′ -CATTTTCAGTGCTAGAAGA TGAAGATGAAGC-3′ ), amplified the upstream region of GAS1TE; the second pair, consisting of GAS-TE-F008 (5′ -CA CTGAAAATGCTGCCACCAACGTTAAAG-3′ ) and M13F-pUC(−40) (5′ -GTTTTCCCAGTCACGAC-3′ ), amplified the downstream region of GAS1TE. The two resulting PCR products were purified, mixed, annealed, and subjected to a second round of PCR using primers Gas1-seq-F001 and M13F-pUC(−40). The resulting PCR product, which encodes a part of GAS1TE gene, was digested with SalI and HindIII, and the resultant 0.5-kb fragment was inserted into pMF924 digested with SalI and HindIII, yielding pRS315-3FLAG-GAS1TE, and the sequence was confirmed by sequencing. pRS315-3FLAG-GAS1ISQQTE was constructed in the same way using two pairs of primers as follows: The first pair, consisting of Gas1-seq-F001 and GAS1-ISQQTE-R009 (5′ -TTCAGTTTGTTG AGAGATAGATGAAGCTGAAGAAGAAGAAG-3′ ), amplified the upstream region of GAS1ISQQTE; the second pair, consisting of GAS-ISQQTE-F010 (5′ -ATCTCTCAACAAAC TGAAAATGCTGCCACCAACGTTAAAG-3′ ) and M13F-pUC(−40), amplified the downstream region of GAS1ISQQTE.
| Mass spectrometric analysis of PIs from FLAG-Cwp2p
Electrospray ionization mass spectrometry analyses were carried out using a 4000Q TRAP triple-quadrupole MS (AB SCIEX, Foster City, CA, USA) with a chip-based ionization source (TriVersa NanoMate; Advion BioSystems, Ithaca, NY, USA), as described previously (Ikeda et al., 2011; Yoko-o et al., 2013) .
| Preparation of membrane and cell wall fractions from yeast cells
Membrane and cell wall fractions were prepared as described by Frieman and Cormack (Frieman & Cormack, 2003) , with some modifications. Cells were grown in YPAD (YPD supplemented with 100 mg/L adenine sulfate) medium until exponential phase was achieved; cells then were collected by centrifugation. The cells were washed and broken using glass beads in lysis buffer [50 mM Tris-HCl, pH 7.5, protease inhibitor cocktail (Roche, Basel, Switzerland), and 1 mM phenylmethylsulfonyl fluoride (PMSF)] at 4°C. After the glass beads were removed, the cell extracts were centrifuged at 15 000 × g for 20 min to sediment the cell wall-and ER-rich fractions. The resulting pellet was suspended in Tris-SDS buffer (50 mM Tris-HCl, pH 7.5, 2% SDS, protease inhibitor cocktail, and 1 mM PMSF) and boiled for 10 min. After centrifugation (15 000 × g for 10 min at 4°C), the supernatant was recovered as the membrane fraction. The remaining pellet was boiled again in Tris-SDS buffer for 10 min. The cell debris was centrifuged (15 000 × g for 10 min at 4°C) and washed three times in 1 ml of H 2 O. The cell debris was centrifuged again (15 000 × g for 10 min at 4°C), and the pellet was resuspended in 100 μl of acetate buffer (100 mM sodium acetate, pH 5.2, protease inhibitor cocktail, and 1 mM PMSF) to obtain the cell wall material. Proteins were released from the cell wall material by treatment with Laminarinase (MP Biomedicals, Santa Ana, CA, USA) as follows. A sample of 25 μl of the washed cell wall was added to 15 μl of acetate buffer containing 0.125 units of Laminarinase. After incubation at 37°C for 4 hr, the same volume of acetate buffer containing Laminarinase was added again, and the sample was further incubated at 37°C for 4 hr. The sample was centrifuged (15 000 × g for 10 min at 4°C), and released cell wall proteins were recovered as the supernatant. The released cell wall proteins were subjected to SDS-PAGE and immunoblotting as described previously (Yoko-o et al., 2013) .
| Analysis of isotope-labeled PI moieties of GPI-anchored proteins
Cells were labeled with [ 3 H]-inositol at 30°C and [ 3 H]-inositol-labeled PI moieties were prepared from GPI-APs as described previously (Guillas, Pfefferli, & Conzelmann, 2000; Sipos, Reggiori, Vionnet, & Conzelmann, 1997) . Briefly, cell lysates were delipidated, and glycoproteins were concentrated using concanavalin A (ConA)-Sepharose beads. PI moieties of GPI anchors were released by deamination using nitrous acid. The released PI moieties were analyzed by TLC on a Silica gel 60 plate (Merck, Darmstadt, Germany) using solvent system 1 (55:45:10, vol/vol CHCl 3 :CH 3 OH:0.25% KCl). Reaction products separated on TLC plates were detected by autoradiography and analyzed using a Molecular Imager FX system (Bio-Rad, Hercules, CA, USA). Radioactivity of GPIAPs adsorbed with ConA-Sepharose beads and free lipid also was measured by liquid scintillation counter LSC-6101 (Hitachi-Aloka, Tokyo, Japan).
| Statistical analyses
The statistical significance of the differences in radioactivity incorporated into GPI-APs was tested using a two-tailed Welch's t test (using Microsoft Excel 2016 for Mac; Microsoft, Redmond, WA, USA). Probability values (p) < 0.05 were considered statistically significant.
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